The development of piezospectroscopic (PS) composites has enabled the creation of a non-destructive evaluation (NDE) technique which integrates piezospectroscopy, digital image correlation (DIC) and analytical multi-scale mechanics to map the elastic modulus of a coated material. The measured elastic modulus was represented as a normal distribution with a mean value (32.2 GPa) which is within 8% of the conventionally recorded modulus (35 GPa). Damage mechanics are applied to map elastic degradation in situ mechanical loading with an average uncertainty ( $ 10 GPa) that was sufficient in observing subsurface, progressive damage patterns which are unique to the coated material.
Introduction
Detecting damage with NDE is an important field for the diagnosis of structural health with applications ranging from aerospace [1] to civil [2] structures. Conventional NDE techniques are based on the identification of the size and location of defects. Techniques such as ultrasound [3] , thermography [4] , shearography [5] , and others [6] are technologies that each have their own set of advantages in this regard.
An alternative way of monitoring damage is by quantifying the reduced mechanical properties. The presence of micro-voids or cracks creates a softening effect which decreases the elastic modulus of the continuum [7] . When compared to a variety of damage measures, monitoring the degrading elastic modulus is a promising technique [8] . The degraded elastic modulus can be captured experimentally with the slope of an unloading curve or predicted with a damage model. The major weakness is that it lacks the capacity to detect local damage because a measure of the elastic modulus is conventionally a nominal or macroscopic measure.
In laboratory settings, determining nominal mechanical properties is straightforward with a load cell, strain gage, and standard test specimens. However, evaluating local mechanical properties of a structure would require a combination of stress and strain mapping. Strain mapping is available with a few techniques including electronic speckle pattern interferometry [9] , Moiré interferometry [10] , and digital image correlation (DIC) [11] . Stress mapping with the same flexibilities as the previously mentioned strain mapping techniques has not been available, until now, with piezospectroscopy. This work shows that piezospectroscopy, recorded over a field of view, can couple with strain maps to locally distinguish elastic moduli, thereby removing the weakness this damage measure is nominal.
Other approaches to estimate local mechanical properties are available such as atomic force microscopy [12, 13] and ultrasonic [14] methods. These techniques rely on other physical principles to determine the elastic modulus rather than conventional stress/ strain relationships and are currently active fields of research [15, 3] . Among these, however, piezospectroscopy stands out as the one technique suitable enough for integration with full-scale mechanical load frames for standard coupon testing [16, 17] .
Piezospectroscopy with Cr doped Al 2 O 3 has been most widely used as a pressure sensor in diamond anvil cells [18] , and as an NDE technique for monitoring the health of thermal barrier coatings [19] . The applications of piezospectroscopy have recently been expanded by the fabrication of alumina-epoxy nanocomposites with tailorable mechanical and PS properties [20] . This produced a material which can be applied as a compliant coating to structures for stress sensing [21] [22] [23] . In the process of holistically understanding the multi-scale mechanics of these new materials, the solution of an effective elastic modulus of the nanocomposite with the experimental PS response was discovered [24] . In this work, multi-scale mechanics are extended to a nanocomposite coating, to solve for an effective elastic modulus of the composite substrate in situ mechanical loading.
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Experiment
The PS nanocomposite coating investigated in this work was manufactured by Elantas PDG, Inc. by mixing 150 nm, Cr doped α-Al 2 O 3 nanoparticles (Inframat Corp.) with 99.8% purity in epoxy to achieve a 20% volume fraction of particles. The coating was applied to a composite substrate consisting of laminated IM7-8552 unidirectional tape (57.7% fiber volume) manufactured with a ½45= À 45= 0=45= À 45=90=45= À 45=45= À45 s layup resulting in transversely isotropic properties (E 1 ¼ E 2 ¼ 35 GPa) [25] . The coating has a very small thickness (300 μm) and low modulus (o 1 GPa) which ensures that it does not mechanically reinforce the composite substrate. The coated sample was machined and tested in accordance with composite open hole tension (OHT) ASTM standards [26] . The length, width, thickness and hole size of the coupon were 12, 1.5, 0.15, and 0.25 in respectively.
The sample was loaded at a rate of 0.05 in/min (0.127 cm/min) and held using displacement control using a hydraulic load frame at 10 load points throughout the experiment as marked in Fig. 1 . This avoided creep during the higher loads, but prompted stress relaxation which was acceptable since the goal was to observe damage progression. During each hold, PS and DIC measurements were collected on the front and the back side of the substrate, respectively. Both measurements can be directly compared since the substrate has a symmetric layup, shown in Fig. 1 .
PS data was collected with a prototype portable spectrometer system designed to be easily transported with a quick setup time [17] . Excitation was achieved using a low power, 1.5 mW laser of 532 nm wavelength in a back scattering configuration with a long working distance objective (28 mm). The photoluminescence (PL) spectra were collected on a 60 Â 60 grid during a snake scan, implemented using a synchronized translation stage, with the accumulation time for spectra at 100 ms. The total measurement area was 25.4 mm squared, corresponding to a spatial resolution of 0.4 mm in both directions of the measurement plane. With these settings each map is collected within 8 min.
The DIC measurements were collected at the beginning of every hold and were relatively instantaneous. The speckle pattern, which was spray painted, had an average dot size of roughly 0.2 mm. The DIC images were post processed to have a spatial resolution equal to that of the PS maps (0.4 mm). Furthermore, a post-processing algorithm was created to spatially match up the DIC and PS mapping data. In brevity, the algorithm interpolated data on a new coordinate system using the open hole as a reference. The accuracy of the pixel match up is worst in regions closest to the open hole ( r 0.4 mm) but is negligible at a few pixels distance away (1-2) [27] .
Multiscale mechanics to model the PS response
Spatial measurements of substrate strain and PS shift were obtained simultaneously for the first time in an novel experiment [23] . The PS relationships originate from the distortion of the Ligand field around the Cr 3 þ substitutional impurity within the Al 2 O 3 lattice. As the lattice is deformed under mechanical load, the energy levels of the Ligand field change, resulting in a frequency shift of the photo-stimulated luminescence [28] . Usually, the PS relationships are dependent on crystallographic orientation, but for a polycrystalline a material whose grain size is an order of magnitude smaller than the probed volume (i.e. laser dot size) an averaging effect takes place and simplifies the PS relationship to be a function of the first stress or strain invariant [29] . In this study, the PS shift is considered as the mean shift of the R1 and R2 spectral lines, which has been associated to the first stress invariant [24, 30] . Here, the PS response is taken as the substrate's DIC biaxial strain (ϵ 
This PS coefficient is experimentally measured for every pixel when the PS shift and DIC biaxial strain maps are combined. This experimental PS coefficient represents a combination of several mechanics that describe the process when load is transferred from the substrate to the coating to the particle. The series of ratios that describe this PS coefficient are shown in the following equation:
The first ratio encompasses the relationship between the mean R-line shift with the particle's first strain invariant (ϵ ii p ) as shown in Eq. (2). This is a variation of the equation that commonly uses the first stress invariant (σ ii ) with the PS shift by the trace of PS tensor (Π ii ¼ 7:6 cm À 1 =GPa) [31] . The first stress and strain invariant is interchangeable with the bulk modulus of the particle (K p ) using
The second ratio describes the relationship between the first strain invariant of the particle and coating. This equation was derived using Eshelby's inclusion mechanics [24] which assumed a spherical particle, and both phases are isotropic. The ratio is a function of the properties for the coating (E c ; ν c ) and particle (E p ; ν p ) shown in the following equation:
The last ratio describes the relationship between the first invariant of the coating with the biaxial strain of the substrate. A number of steps are associated with obtaining this ratio which are outlined elsewhere [27] and are valid for a thin compliant coating. Briefly, the expression is obtained by equating interface strains ðϵ 
The series of ratios that describe the PS coefficient have now been described and is a function as follows:
After all of the applied mechanics, the PS coefficient was not a function of the elastic modulus of the substrate (E s ). To obtain an expression which includes E s , and solely a function thereof requires a set of assumptions:
1. The strain which the substrate experiences is directly transferred into the particles. This is appropriate with a compliant coating with low elastic modulus and thickness, providing no mechanical reinforcement. This enables the removal of the coating mechanics term and the replacement of the coating's isotropic properties with the substrate's in Eq. (3). Therefore
s Þ 2. The particle's properties are known (E p ¼ 400 GPa; ν p ¼ 0:23). A variation of particle properties among literature [32] [33] [34] [35] has resulted in a conservative uncertainty reported in theAppendix.
Π ii is also considered a property of the particle. Therefore
Isotropic damage assumes that Poisson's ratio does not change [36] , and the substrate's pristine Poisson's ratio can be estimated using classical laminate plate theory [37] (ν s ¼ 0:57). Therefore
The first assumption makes the substrate isotropic. The challenge is to modify the Eshelby tensor for a transversely isotropic media [38] . For this application, it is desired to solve the Eshelby tensor symbolically, in order to rearrange Eshelby's equation for the matrix's elastic modulus, as was done recently for an isotropic media [24] . The complexity of the explicit solution for a transversely isotropic Eshelby tensor, and lack thereof for a generic anisotropic case [39] , results in a challenging undertaking to remove the isotropic substrate assumption. With the above assumptions, a refined series of ratios can now be combined and rearranged to solve for the substrate's elastic modulus. This leaves a direct solution of the substrates elastic modulus with an experimental measure of the first order PS coefficient (Π c ) from the PS response
The character of the PS responses vary depending on their location with respect to the open hole. In Fig. 3 , the variation in the PS responses is attributed to the non-proportional and nonuniform loading across the sample's surface. This, combined with the relatively few data points at low loads, makes for a challenge in determining the first order approximation of Π c .
The composite substrate will have linear elastic behavior until fracture. This is dissimilar to the high volume fraction nanocomposite coating (20%) which has inelastic properties [40, 32] . This explains the non-linearity in the PS response, but makes it difficult to quantify Π c for the elastic modulus calculation.
To have a robust method of obtaining Π c for every PS response, a yield function is fit to a segment of the PS response from zero load until the maximum PS shift. A Ramberg-Osgood yield function was used because it works well without a well defined yield point [41] . This yield function is normally used for a strainstress plot, but was modified here for a strain-PS shift plot in Eq. (6) . This reformulation of the Ramberg-Osgood formula is appropriate because the PS shift is directly proportional to the strain as derived in the previous section. For brevity,
Eq. (6) was fitted to every local PS response such as shown in Fig. 4 . The Π c value as solved by the fitting algorithm varied significantly across the surface due to the sparse number of data points at low loads and was not suitable to solve for E s . Due to the need to have a more consistent estimation of Π c , the yield function was used to interpolate a derivative of the PS response at a very small strain for all of the PS responses. This would be the approximation of the first order PS coefficient before the nonlinearity initiated. The strain chosen to evaluate the derivative of the yield function and compute Π c was chosen to be 0.025 mm/m for all PS responses and is marked in Fig. 4 .
Elastic modulus and damage mapping
The appropriate mechanics have been derived to calculate the substrate's elastic moduli (E s ) from the composite's first order PS coefficients (Π c ) and a yield function has been used to obtain a consistent measure of Π c for every PS response. Now, by applying Eq. (5), an elastic modulus map was created in Fig. 5A and a corresponding histogram in Fig. 5C . Due to a broad distribution within the histogram, uncertainty of the elastic modulus map was investigated before a comparison to a priori substrate elastic moduli values. A significant number of points on the surface were identified to have large errors from experimental sources and a systematic uncertainty, described in the Appendix. When the local uncertainty of elastic modulus calculation exceeded 15.75 GPa, or 45% of the a priori known unnotched nominal modulus, the data points were filtered and these points on the elastic modulus map were replaced with white pixels in Fig. 5B post-filter. A significant amount of data points above and below the open hole contain white pixels because the longitudinal (ϵ 1 ) and transverse (ϵ 2 ) strains are nearly equal and opposite. This also combined with uncertainty from the algorithm used to align and interpolate the data sets based as discussed in the experiment section.
In addition, small regions directly above and below the hole contained negative values of Π c , resulting in a negative E s and they can be distinguished in Fig. 5A as white pixels pre-filter. These regions are the result of a compressive biaxial strain, but a tensile PS shift. Complex loading conditions associated with the nonproportional loading around the open hole are correlated to the observed negative moduli. One of the PS responses in this region that can be observed in Fig. 3C . With the uncertainty issues addressed, the PS recorded moduli were compared to a previous test of control samples (16 unnotched) which determined that the nominal elastic modulus was 35 73 GPa [25] . The modulus map in Fig. 5A shows a broad distribution of elastic modulus values with a mean centered at 32.2 GPa and a standard deviation of 9.4 GPa post-filter. The large number of data points taken across the surface produced a mean that closely resembles expected values for the unnotched, underlying substrate. The large standard deviation of the PS calculated moduli is proposed to be caused by a inhomogeneous dispersion of the nanoparticles, which is still an active field of research in the material's development [42] . These agglomerations lead to local variations in particle volume fraction, and thus particle-matrix load transfer mechanics [24] .
As a damage measure, the elastic degradation of a material through mechanical loading [43] comes from the reduced effective stress carrying area by the presence of a crack or defect [44] . The latter results in an increase in stress on the remaining part of the material and is associated with a nominal reduction in stiffness [7] . For instance, the nominal modulus of the open hole tension composite coupon was 25 GPa, but the unnotched coupon was 35 GPa.
Conventionally, unloading curves during a mechanical test are used to monitor a reduced elastic modulus from the presence of damage [43] . This reduction in stiffness is referred to as elastic degradation. If unloading curves were not integrated in the experimental procedure, then the unloading curves may be simulated to estimate the reduced mechanical properties. Methods of simulating these unloading curves vary in complexity, ranging from simple elastic degradation models [7] to the involved continuum damage mechanics with coupled plasticity [7] . A simple and convenient method to simulate an unloading curve is to assume no plastic deformation so all unloading curves return to the origin, or contrarily, no elastic degradation and purely plastic deformation [7] .
In reality, unloading is usually associated with a coupling between the elastic degradation and plastic deformation. Here, a method for simulating unloading curves was used which included both plastic deformation and elastic degradation as shown in Fig. 6A . The simulated unloading curves only consider plastic deformation and no elastic degradation until the max PS shift has been reached. Further loading past the max PS shift ceases plastic deformation, and initiates elastic degradation.
The slopes of the simulated unloading curves on the PS response can be readily converted into an elastic modulus value with an isotropic damage assumption [36] , that is Poisson's ratio remains constant. The degraded elastic modulus values (Ẽ) are normalized with respected to local pristine modulus (E), to create a damage measure (D ¼ 1 ÀẼ E ) [8, 43] . These damage maps reveal intrinsic damage features of the composite substrate. Major turning points in the progression of damage are plotted in Fig. 6 . The first significant occurrence of damage is at 76% failure load just adjacent to the open hole. It is known a priori that this region should be experiencing large tensile strains, and is a likely location for damage to initiate. In other work by Camanho [45] , a simulation using continuum damage mechanics of a transversely isotropic open hole tension composite coupon predicted initial fiber failure in the 01 ply in this exact region. Additionally, at 76% failure load, audible cracking in the sample suggest that significant damage had initiated.
The next significant progression of damage was at 88% failure load where homogeneous damage appeared across the sample's surface. This experimentally observed phenomena could be due to transverse cracking of the 901 plies which occurs homogeneously through the length of the sample [46] . In addition, literature has described a redistribution of stress occurring once subsurface damage has become significant [47] . This loading point is an important turning point in the mechanical test that may indicate the onset of critical damage.
Next, at 92% failure load, a large propagation of damage occurs on both sides of the open hole. A study using X-ray inspection has revealed similar cracking patterns [47] adjacent to the open hole in a tension test for a similar composite coupon. As the higher failure loads are reached, the damage pattern resembles intra-laminate cracking of the 7451 plies, and is very similar to predicted crack growth patterns with numerical models [47] .
Conclusion
This work has successfully applied multi-scale mechanics to a PS coating experiment to obtain, for the first time, high spatial resolution damage maps using a degrading elastic modulus. Simulation of unloading curves in situ mechanical loading is used to estimate elastic degradation patterns which resemble intrinsic, subsurface damage patterns of the composite substrate [47, 46, 45] . In addition to locating the size and the location of damage, the ability to quantify the degradation of the elastic modulus enables the distinction of different types of damage. For example, matrix microcracking should change the equivalent modulus by a small amount in comparison to fiber failure or intra-laminate cracking. In the current study, the average uncertainty in the elastic modulus calculation was nearly 10 GPa and results in the detection of only critical damage. Future experiments will be designed to lower this uncertainty to detect more subtle changes in the effective elastic properties and adapt the coating to a wide range of substrates materials. An NDE technique that provides such a comprehensive damage characterization would be very desirable.
